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INTRODUCTION
By definition, the epileptogenic zone is the cortical region whose resection is necessary and sufficient to achieve seizure freedom, however, none of the currently available diagnostic markers can optimally delineate the epileptogenic zone [Asano et al., 2013; Rosenow and L€ uders, 2001] . To best estimate the location of the epileptogenic zone in the presurgical evaluation of drug-resistant pediatric epilepsy, clinicians often monitor intracranial electrocorticography (ECoG) activity from the affected hemisphere. Thereby, the seizure onset zone (SOZ) responsible for the habitual seizures is generally considered to be a critical part of the epileptogenic zone Fujiwara et al., 2012; Weiss et al., 2015] . Between seizure events, interictal spike discharges are often generated by SOZ and surrounding cortex; thus, such interictal spikes can also be used to predict the epileptogenic zone [Asano et al., 2013; Palmini et al., 1995] . The aforementioned ECoG measures are useful presumably only when intracranial electrodes satisfactorily sample the true epileptogenic zone [Widdess-Walsh et al., 2007] . Thus, noninvasive modality accurately guiding intracranial electrode placement is highly desired by those practicing epilepsy surgery.
Positron emission tomography (PET) of the brain with 2-deoxy-2[ 18 F]fluoro-D-glucose (FDG) plays an important role in noninvasively estimating the location of the epileptogenic zone [Kumar et al., 2010; Stanescu et al., 2013] . FDG-PET is widely used for pediatric populations [Da Silva et al., 1997; Hader et al., 2004; Kumar et al., 2010; Stanescu et al., 2013] , especially when MRI is non-localizing. According to previous PET studies assessed on a nonstatistical basis, the accuracy of the metabolic abnormality to localize the SOZ or interictal spiking area on ECoG has been suboptimal [Hong et al., 2002; Juh asz et al., 2001] . Specifically, our previous studies demonstrated a metabolicelectrophysiologic mismatch in extent between areas of focal glucose hypometabolism and ECoG-defined SOZ [Alkonyi et al., 2009; Juh asz et al., 2000] .
PET image analysis is mostly based on visual assessment in the clinical setting. Research studies used a variety of quantitative approaches, but comparison across centers is difficult without statistically defining the metabolic abnormalities. Overall, the lack of a standardized image analysis approach across centers makes it difficult to compare data in the literature or create clear guidelines based on class I-II evidence [Jayakar et al., 2014] . This issue may account for the variable performance of FDG-PET reported in the literature [Juh asz, 2012] .
To overcome this problem, statistical parametric mapping (SPM) analysis of PET images has been investigated for about two decades. SPM is an objective, quantitative, and observer-independent method to identify metabolic abnormalities in whole brain using general linear model and Gaussian random field theory [Friston et al., 1996; Kim et al., 2003] ; however, this approach requires comparison to a control PET data set that is impossible to obtain in healthy children for ethical reasons, especially in young children. Therefore, pediatric SPM studies often applied a young adult healthy control group, but this approach has only been validated in children age 6 years and above [Kumar et al., 2010; Muzik et al., 2000 ]. An alternative approach for SPM analysis of pediatric PET images is the use of a "pseudo-control" pediatric group, that is, carefully selected PET scans of epileptic children showing a normal metabolic pattern by visual assessment. This concept was originally introduced by Chugani et al. [Chugani and Phelps, 1986; Chugani et al., 1987] , who demonstrated that such PET images are able to characterize global and regional maturational changes in normal human brain glucose metabolism. A recent study by another group [Archambaud et al., 2013] showed that the use of such a pseudo-control group can also improve specificity of detecting brain metabolic abnormalities in objective PET studies using SPM in children with drug-resistant epilepsy. The pseudo-control group in that study was relatively small (n 5 24) and included only children 4.5 years of age and above. To our best knowledge, no study has validated the potential use of SPM to detect FDG-PET abnormalities epileptic in children below 4.5 years of age.
In the present study, our key hypothesis was that the use of carefully selected age-matched pseudo-control PET data may provide comparable accuracy in detecting ECoG-defined SOZ across a wide age range, including children as young as 1 year of age. For this analysis, we utilized a large pseudo-control pediatric PET group, including epileptic children with a wide age range (1-18 years) and normal (by visual inspection) glucose metabolic pattern on PET. Using this group, we aimed at optimizing the accurate detection of regional glucose metabolic abnormalities in a pediatric epilepsy group, using SPM. In addition, we tested the feasibility of a 3D surface mapping analysis, which visualizes SPM-defined metabolic abnormalities in native anatomical brain surface generated by FreeSurfer analysis [Fischl et al., 2001; Fischl et al., 2004] in order to perform a direct spatial comparison between ECoG-defined epileptic cortex and areas of abnormal glucose metabolism defined objectively by SPM.
To study the spatial association of ECoG-defined SOZ and metabolic abnormalities in detail, we performed a comparative PET/ECoG analysis with various statistical thresholds and Euclidean distances in children with focal epilepsy (mostly with non-localizing MRI) who underwent two-stage epilepsy surgery with extensive subdural electrode coverage. We also analyzed whether this analysis provides consistent performance in various patient subgroups depending on age, epilepsy duration, extent of epileptic cortex and surgical outcome.
METHODS

Subjects
Thirty-seven children (age: 9.7 6 5.2 years, 1.2-18.7 years; 20 girls) with intractable focal neocortical epilepsy of both temporal and extratemporal origin (22 with left-, 15 with right-hemispheric SOZ) who underwent two-stage epilepsy surgery at the Children's Hospital of Michigan (Detroit) between 2008 and 2015 were included in the study. The summary of clinical and demographic profiles of these children is given in Table I . The inclusion criteria consisted of age between 1 and 19 years; detailed On the basis of chronic subdural ECoG data, ictal seizure onset was localized in 1-4 lobes ( Table I) . MRI showed a focal cortical abnormality in 6 children, including 2 with tuberous sclerosis complex, 2 with low-grade tumors, and 2 with signal abnormalities consistent with gliosis or cortical dysplasia. Histology results are shown in Table I .
The control group for SPM analysis of FDG-PET scans included 64 children (age: 9.3 6 5.2 years, 1-18 years; 31 girls) with a history of epilepsy. Briefly, from a pediatric database of 1,500 PET scans acquired using a single PET/ CT scanner and an identical scanning protocol at the Children's Hospital of Michigan (Detroit) between 2006 and 2013, we first identified 185 scans reported to have a normal glucose metabolic pattern on the original clinical PET report generated by a single investigator (HTC). After reviewing electro-clinical data, MRI and PET images of these 185 patients, we identified 64 children who met the following criteria: (1) normal glucose metabolic pattern on PET, including lack of significant asymmetries, focal decreases or increases, or global cortical changes by visual assessment, (2) no seizure(s) during the PET scan confirmed by the clinical observation and scalp EEG monitored during the FDG uptake period, (3) no MRI lesion, and (4) no history of developmental delay. None of these 64 children underwent subsequent epilepsy surgery.
All participants were studied according to the guidelines of the Human Investigation Committee of Wayne State University. Written informed consent was obtained from the parents or legal guardians of the children who underwent epilepsy surgery. In addition, the Human Investigations Committee at Wayne State University granted permission for the retrieval and analysis of the clinical and imaging (including PET) data that had been obtained clinically for all children with a diagnosis of epilepsy.
Data Acquisition
All PET studies were performed using a GE Discovery STE PET/CT, located at Children's Hospital of Michigan. The scanner combines a Light-Speed 16-slice CT with an advanced BGO PET system yielding 47 image planes with a 16 cm axial field-of-view (FOV). The reconstructed image in-plane resolution is 5.5 6 0.35 mm at full-width-at-halfmaximum (FWHM) and 6.0 6 0.49 mm in the axial direction (reconstruction parameters: Shepp-Logan filter with 0.3 cycles/pixel cutoff frequency). All subjects fasted for at least 6 hours prior to the PET procedure. EEG was monitored using surface electrodes during the entire FDG uptake period to ensure interictal scans. A venous line was established for tracer injection (0.141 mCi/kg FDG). During the FDG uptake period external stimuli were minimized by dimming the lights and discouraging interaction so that studies reflected the resting awake state. Forty minutes after FDG injection, a static 20-minute emission scan of the brain was acquired in 3D mode.
As part of the clinical work-up, all children had an MRI including a high resolution T1 image acquired using a 3T GE-Signa scanner equipped with an 8-channel head coil and ASSET at TR/TE/TI of 9.12/3.66/400 ms, with a slice thickness of 1.2 mm, and planar resolution of 0.94 3 0.94 mm 2 . For the PET and MRI scanning period (but not during FDG uptake), most children were sedated with pentobarbital (1.5-3 mg/kg) and midazolam (0.1-0.2 mg/kg); or by midazolam (0.1-0.2 mg/kg) followed by dexmedetomidine (1-2 mg/kg), titrated slowly to achieve mild to moderate sedation. All sedated subjects were continuously monitored by a pediatric nurse, and physiological parameters (heart rate, pulse oximetry) were measured throughout the study.
Before surgery, all patients underwent standard presurgical evaluation, as described previously [Chugani et al., 2014] . In brief, all patients were evaluated with scalp ictal/interictal video-EEG, MRI, FDG-PET, and neuropsychological assessment. Subsequently, all cases were discussed in a weekly multidisciplinary epilepsy surgery conference where the results were reviewed. Based on this information (including visual PET assessment but not SPM data), subdural electrodes (10 mm intercontact distance, 4 mm diameter, Ad-Tech Medical) were implanted during Stage 1 of the two-stage surgery. Subdural ECoG was recorded for 3-5 days with a sampling rate at 1,000 Hz. Grid, strip and/or depth electrodes were placed under the guidance of a board-certified clinical neurophysiologist (EA) near the regions suspected to be the epileptogenic zone. The number of implanted subdural macroelectrodes ranged from 90 to 160 per patient. The averaged voltage of signals derived from the fifth and sixth intracranial electrodes of the amplifier was used as the original reference; signals were then re-montaged to a common average reference [Crone et al., 2001; Canolty et al., 2006; Nagasawa et al., 2012; Sakuraba et al., 2016] . As a part of clinical evaluation, SOZ was defined as electrode site(s) initially showing sustaining rhythmic ECoG changes prior to the onset of clinical symptoms of the habitual seizures . Interictal spike discharges, sharply-contoured waveforms standing out from the background rhythm which cannot be explained by physiological rhythms such as lambda or mu waves , were also detected by visual assessment. "Interictal spike zone" was defined as the area(s) outside SOZ generating interictal spike discharges. In the present study, SOZ was the primary outcome measure, and "interictal spike zone" was the secondary one. It should be noted that we did not place electrodes more than clinically indicated, and the clinical ECoG monitoring period was not extended for the purposes of the present study.
Data Analysis
FDG-PET image volumes were analyzed using the SPM8 software package (www.fil.ion.ucl.ac.uk/spm) to identify hypo-/hyper metabolic regions objectively while using age-matched pseudo-normal data in a voxel-by-voxel comparison. First, using SPM DARTEL procedure, pediatric age-specific FDG templates were created at five different age-ranges of the pseudo-normal controls, 1-3 years (n 5 14), 4-6 years (n 5 10), 7-10 years (n 5 13), 11-14 years (n 5 13), and 15-18 years (n 5 14) by averaging spatially normalized FDG-PET images of individual controls belonging to each of the five age-ranges. Secondly, for individual patients, FDG-PET image volumes were spatially normalized into standard stereotactic space using agematched FDG-PET templates. The experimental parameters of this spatial normalization process have been described previously [Kumar et al., 2010] . Thirdly, the spatially normalized images of individual patients were compared at voxel level to the age-matched pseudo-normal controls using a two-sample t-test, with age as a covariate, with an SPM t-score map as the result. For each voxel, the significance of two conditions, patient < controls (hypometabolism), and patient > controls (hypermetabolism), were tested on the SPM t-score map to determine if the voxel belongs to either hypo-or hypermetabolic region at the given thresholds of statistical significance and cluster extent (>50 voxels) [Kumar et al., 2010] .
All significant hypo-/hyper-metabolic clusters were overlaid on the 3D cortical surface generated by FreeSurfer scripts (http://surfer.nmr.mgh.harvard.edu) from the high-resolution T1 image. The SPM-defined significant regions were transformed into native FDG-PET image space by applying the inverse of spatial deformation obtained between the subject's FDG image and agematched template. An affine linear transformation was performed to co-register PET and T1 MR images. The resulting transformation was applied to co-register the SPM-defined abnormal metabolic region onto the high resolution T1 image including the 3D cortical surface. Finally, SPM-t score values of the co-registered metabolic region intersected at the coordinates of individual vertices of 3D cortical surface were sampled for spatial comparison with adjacent ECoG localization of epileptic electrodes. It should be noted that the sampled t-scores are defined only on 3D cortical surface not in deep structures and also do not include the metabolic abnormalities that are not near 3D cortical surface.
For PET/ECoG comparisons, MRI-based 3D cortical surfaces were created with the location of electrodes directly defined on the cortical surface, as described previously [Alkonyi et al, 2009; Asano et al., 2009] . The spatial accuracy of electrode display on the three-dimensional brain surface image was visually confirmed by direct visualization of intraoperative pictures, which have been treated as the gold-standard to determine the co-registration accuracy [Dalal et al., 2008; Pieters et al., 2013; Wellmer et al., 2002] . Post-implant CT images were used, as needed, to confirm the co-registration accuracy on the medial and inferior surfaces of the cortex [Tao et al., 2009] .
Statistical Analysis
To assess the detailed spatial relation between metabolic abnormalities and ECoG-defined SOZ, 3D SPM t-score surface maps of individual patients were thresholded at 10 different t-scores, that is, 62, 62.5, 63, 63.5, and 64.0 corresponding to SPM P-value 5 0.03, 0.01, 0.005, 0.002, 0.0007, respectively ("1" and "2" correspond to hyperand hypometabolism, respectively). For each of the t-score thresholds, the Euclidean distance of the electrode center from the closest edge of the metabolic cluster was calculated at five different distance ranges, that is, 10 mm (i.e., within one electrode distance corresponding to "overlap"), 15 mm, 20 mm, 25 mm, and 30 mm distance. For each of two discrete thresholds in t-score and distance, we determined both sensitivity and specificity of 3D surface map based on whether any of hypometabolic clusters obtained at the given t-score was located within the given distance from the nearest SOZ electrode. Likewise, we assessed the spatial relation between metabolic abnormalities and "interictal spike zone." We tested the performance of FDG PET for both outcome measures (SOZ and interictal spike zone) in each patient individually and then averaged for the whole group, as well as in multiple subgroups based on focal versus widespread SOZ, focal versus widespread interictal spike zone, age (<4 years vs. >4 years of age), epilepsy duration (short vs. long, < 6 years vs. > 6 years), the presence of focal cortical dysplasia (FCD), and surgical outcome (recurrent seizures vs. seizure free 1 year after surgery). One-way ANOVA with age as a covariate was utilized to test significant group differences in sensitivity and specificity at P < 0.05.
In addition, the sensitivity and specificity of SPMdetected glucose metabolic abnormalities were evaluated on the lobar level. In this analysis, the lobar location of hypo-and hypermetabolic clusters was noted and compared with lobar locations of the SOZ (as indicated in Table I ) in the hemisphere included in the intracranial EEG monitoring (i.e., surgical hemisphere). Lobar colocalization of metabolic clusters and SOZ electrodes was defined as "true positive," metabolic cluster in a lobe with no SOZ was "false positive," SOZ in a lobe with no SPMdefined metabolic abnormality was considered "false negative," and a lobe with neither SOZ nor metabolic abnormality was "true negative." Representative examples of 3D visualization maps which render SPM t-scores on FreeSurfer-driven pial surfaces (left column), and corresponding 2D FDG PET slices of interest, s 1 / s 2 levels demonstrating abnormal/normal metabolic pattern, respectively (right column). (A) Hypometabolic pattern in two patients: each of two 3D maps shows a significant hypometabolic cluster detected in s 1 level of each individual patient, in the parietal lobe (top) and inferior temporal lobe (bottom), which are matched with low FDG activity in parietal cortex (top arrows) and inferior temporal cortex (bottom arrows) on individual PET slices, s 1 . Meanwhile, no additional hypometabolic cluster is depicted on a slice showing normal glucose metabolism, s 2 of either 3D surface map or 2D FDG PET. (B) Hypermetabolic pattern in two patients: each of two 3D maps shows a significant hypermetabolic cluster detected in s 1 level of individual patients, in the superior frontal and parietal lobe (top) and anterior parietal lobe (bottom) matched with high FDG activity seen in the superior frontal and parietal cortex (top arrows) and anterior parietal cortex (bottom arrow) on individual PET slices, s 1 . Meanwhile, no additional hypermetabolic cluster is depicted on an axial slice through the temporal lobe, s 2 of either 3D surface map or 2D FDG PET. Please note that some metabolic asymmetries seen on the native, axial PET images occur outside the SPM-detected clusters (as seen in the left occipital cortex on the top images). These may represent physiologic asymmetries or mild metabolic abnormalities not detected by SPM. [Color figure can be viewed at wileyonlinelibrary.com]
RESULTS
Demonstration of Correspondence of SPM Findings, Visual PET Abnormalities, and ECoG Findings
First, we inspected how SPM-defined metabolic abnormalities correspond to visually detected PET abnormalities. Figure 1 presents representative examples of hypo/ hyper-metabolic abnormalities obtained from 3D SPM tscore maps, which demonstrate good correspondence with hypo/hypermetabolic cortical areas displayed on 2D FDG-PET slices of interest, with s 1 /s 2 demonstrating abnormal/ normal metabolic pattern, respectively. Also, to demonstrate the feasibility of 3D SPM t-score visualization to detect significant metabolic changes corresponding to ECoG-defined SOZ, we present representative examples showing different degrees of spatial correspondence between ECoG and 3D SPM t-score surface maps of FDG-PET (Fig. 2) . The first examples show significant hypometablic clusters partially overlapped with ECoG-defined SOZ ( Fig. 2A) . Also, we found examples of significant hypermetabolic clusters partially overlapped with (or proximal to) "interictal spiking zone" (Fig. 2B) . In some cases, no metabolic abnormality was found despite the presence of extensive SOZ (Fig. 2C) . Altogether, these comparisons demonstrated a complex relation between location/extent of SPM t-score surface maps and ECoG abnormalities; these were further analyzed quantitatively.
Accuracy of 3D SPM t-score maps to detect ECoGdefined SOZ and interictal spiking in the whole group Sensitivity and specificity of 3D SPM t-score maps to detect ECoG-defined SOZ (n 5 692) and "interictal spiking zone" (n 5 1,760) were assessed in the whole group (n 5 37, Fig. 3 ), where each measure was evaluated as a function of 10 discrete SPM t-score thresholds (62.0, 2.5, 3.0, 3.5, and 4.0) and 5 discrete Euclidean distances between ECoG electrode coordinate and SPM t-score coordinate on 3D brain surface ( 10 mm, 15 mm, 20 mm, 25 mm, and 30 mm). The sensitivity to detect SOZ by hypometabolic clusters was highest at the threshold of t 5 22 and linearly decreased up to the threshold of t 5 24.0 (i.e., sensitivity gradually decreased from 0.30 to 0.09 within 10 mm, 0.32-0.10 within 15 mm, 0.34-0.10 within 20 mm, 0.36-0.11 within 25 mm, and 0.39-0.12 within 30 mm distance from SOZ electrodes, respectively). In the same range of t-thresholds (22 to 24), the specificity to detect ECoG Based on the presence of statistically significant linearity observed between sensitivity and t-threshold (e.g., ANOVA of a linear regression model: sensitivity 5 bÁt-threshold 1 age where b is a fitting coefficient, P < 0.008 for all five distances), the middle t-threshold of t 5 23.0 was selected as " Average sensitivity and specificity obtained from the whole group (n 5 37), hypometabolism (top) and hypermetabolism (bottom) of 3D SPM t-score surface map to detect ECoGdefined seizure onset zone (SOZ, left) and interictal spike zone (right). In each plot, sensitivity (solid lines) and specificity (dotted lines) of individual patient were assessed by two variables, SPM t-score threshold and Euclidean distance between ECoG electrode coordinate and SPM t-score coordinate in 3D pial surface and averaged in the whole group. Total numbers of ECoG electrodes were 692 and 1760 for SOZ and interictal spike zone, respectively. [Color figure can be viewed at wileyonlinelibrary.com] same reference t-threshold of t 5 3.0 for hypermetabolism, we found much lower sensitivity with slightly higher specificity values to detect SOZ by hypermetabolic clusters (i.e., 0.02-0.04 and 0.98-0.94 for sensitivity and specificity within 10-30 mm distance range from SOZ electrodes, respectively).
The sensitivity of hypometabolic clusters to detect "interictal spike zone" at the reference threshold of t 5 23.0 was lower than sensitivity for SOZ (i.e., 0.11/ 0.12/0.14/0.15/0.16 within 10 mm/15 mm/20 mm/25 mm/30 mm distance from ECoG interictal spike electrodes, respectively). The specificity of hypometabolic clusters to detect "interictal spike zone" was similar to specificity for SOZ (0.98/0.97/0.96/0.95/0.94 within 10 mm/15 mm/ 20 mm/25 mm/30 mm distance from "interictal spiking zone," respectively). The sensitivity of hypermetabolic clusters to detect "interictal spike zone" was very low (varying 0.01-0.03 within 10-30 mm distance range), while the specificity was similar to that of hypometabolic clusters (varying 0.97-0.93 within 10-30 mm distance range from "interictal spike zone"). Table II summarizes the percentages of patients who had at least one cluster of metabolic changes on (or near) ECoG-defined SOZ and "interictal spike zone" assessed with two different criteria: (i) the threshold of SPM tscore map and (ii) the nearest distance between the outer boundary of SPM cluster and ECoG electrode. At the reference mid-threshold of t 5 23.0, 55% of patients showed at least one cluster of hypometabolic abnormality overlapped with the SOZ, while 71% of patients showed at least one cluster of hypometabolic abnormality overlapped with "interictal spike zone." In contrast, at the same threshold, only 13% and 21% of patients showed at least one cluster of hypermetabolic abnormality overlapped with SOZ and "interictal spike zone," respectively.
Percentage of Patients Showing Overlap Between ECoG-Defined Ictal and Interictal Abnormalities and SPM-Defined Metabolic Abnormalities
Accuracy of 3D SPM t-score maps to detect ECoGdefined SOZ and interictal spiking in subgroups
Based on histogram analyses in the number of SOZ (Fig.  4A ) and interictal spiking electrodes (Fig. 5A) , we have divided the patients into two subgroups: focal versus widespread SOZ (i.e., less and greater than 20 electrodes involved) and focal versus widespread "interictal spiking zone" (i.e., less and greater than 37 electrodes involved). Compared with the widespread SOZ group at the reference threshold of t 5 23.0, the focal SOZ group showed statistically similar sensitivity/specificity within 10 mm distance (sensitivity 5 0.22 6 0.06/0.08 6 0.03, P 5 0.14, specificity 5 0.95 6 0.02/0.93 6 0.02, P 5 0.77 for focal/widespread SOZ subgroup, Fig. 4B ). At the reference threshold of t 5 23.0, sensitivity and specificity were similar in the focal versus widespread "interictal spike zones" (i.e., sensitivity 5 0.12 6 0.04/0.10 6 0.04, P 5 0.76, specificity 5 0.96 6 0.01/0.96 6 0.01, P 5 0.96 for focal/widespread interictal spike zone, Fig. 5B) .
In other subgroup analyses, in young children less than 4 years of age, the sensitivity of hypometabolic area to detect ECoG-defined SOZ was 0.12 6 0.06 for overlap (i.e., within 10mm distance) and 0.20 6 0.08 within 30 mm distance, which was only slightly lower than in the children older than 4 years of age (0.20 6 0.06, P 5 0.20 and 0.27 6 0.07, P 5 0.16, respectively). Both subgroups showed similar specificity values for both overlap and 30 mm distance (up to about 0.93 6 0.02 for overlap in young children). There was no statistical difference between shorter and longer epilepsy duration groups (P-value 5 0.19 for overlap). Also, no statistical difference was found between FCD (n 5 8 children) and non-FCD subgroups (n 5 29) Results of subgroup analysis: focal seizure onset zone (SOZ) versus widespread seizure onset zone (SOZ). (A) A histogram of all patients (n 5 37) was obtained as the function of SOZ electrode number. The first valley of the fitted curve was observed at 20. This threshold was then applied to make two subgroups, focal SOZ (n 5 27) and widespread SOZ (n 5 10). (B) Average sensitivity and specificity obtained from each subgroup, hypometabolism (top) and hypermetabolism (bottom) of 3D SPM t-score map to detect ECoG-defined seizure onset zone (SOZ) in focal SOZ group (left) and widespread SOZ group (rights). In each plot, sensitivity (solid lines) and specificity (dotted line) were assessed by two variables, SPM t-score threshold and Euclidean distance between ECoG electrode coordinate and SPM t-score coordinate in 3D cortical surface where 10 mm is defined as overlap. Total numbers of SOZ electrodes were 197 and 495 for focal and widespread SOZ subgroups, respectively. [Color figure can be viewed at wileyonlinelibrary.com]
In the present study, all subgroup comparisons were insignificant in the corresponding ANOVAs as reported above (i.e., uncorrected P < 0.05). Thus, corrections of those significances were not performed for multiple comparisons. This had no effect on the results considering that none of these subgroup comparisons were significant when using an uncorrected P < 0.05. Results of subgroup analysis: focal spiking versus widespread spiking. (A) A histogram of all patients (n 5 37) was obtained as the function of interictal spiking electrode number. The first valley of the fitted curve was observed at 37. This threshold was then applied to make two subgroups, focal spiking (n 5 20) and widespread spiking (n 5 17). (B) Sensitivity and specificity of 3D SPM t-score maps, hypometabolism (top) and hypermetabolism (bottom) to detect ECoGdefined spiking in focal spiking group (left) and widespread spiking group (right). In each plot, sensitivity (solid lines) and specificity (dotted lines) were assessed by two variables, SPM t-score threshold and Euclidean distance between ECoG electrode coordinate and SPM tscore coordinate in 3D cortical surface where 10 mm is defined as overlap. Total numbers of interictal spiking electrodes were 373 and 1387 for focal and widespread spiking subgroups, respectively. [Color figure can be viewed at wileyonlinelibrary.com]
Accuracy of FDG-PET SPM Analysis to Detect Lobe(s) of SOZ
The lobar locations of glucose metabolic abnormalities using SPM analysis at our reference t-threshold (SPM tscore 5 63.0) and extent threshold of greater than 50 in the affected (surgical) hemisphere are reported in Table I . At least one cluster of metabolic abnormality was found in 34/37 (92%) patients for hypometabolism and in 25/37 (67%) for hypermetabolism; only one patient (#20) had completely negative PET results at this threshold. In the 25 patients showing an area of increased metabolism on SPM, 17 (68%) showed frequent (>10 per minute; n 5 9) or rare/ occasional (<10 per minute; n 5 8) interictal epileptiform activity on scalp EEG during the FDG uptake period. Five additional patients with interictal epileptiform activity showed no hypermetabolism. Hypometabolic clusters had a sensitivity of 74.6% and a specificity of 64.2% to detect the lobe of ECoG-defined SOZ. Meanwhile, a much lower lobar sensitivity of 34.3% and somewhat higher lobar specificity of 69.1% were found for hypermetabolic clusters. The values were similar for a young subgroup including 10 children below 4 years of age (sensitivity of 79%/29%, specificity of 56%/81% for hypo-/hypermetabolic cluster).
DISCUSSION
The present study demonstrates that SPM-based brain surface analysis, using age-matched pseudo-control groups (1-18 years), can be applied to detect glucose metabolic abnormalities objectively on (or near) SOZ identified by ECoG in pediatric epilepsy in children above 1 year of age. We have shown that lobar accuracy of detection of the SOZ is similar to previously reported lobar accuracies in older pediatric and young adult groups [Archambaud et al., 2013; Kumar et al., 2010; Lee et al., 2015; Vant' Klooster et al., 2014] . In addition, by directly measuring the nearest Euclidean distance between ECoG-defined SOZ and SPM metabolic clusters on the actual 3D brain surface of individual patients, we found that (1) large portions of the hypometabolic abnormalities are located outside the SOZ, often at 30 mm distance or beyond; (2) the hypometabolic abnormality provided slightly higher sensitivity to overlap focal SOZ than widespread SOZ; (3) hypermetabolic clusters were detected in 2/3 of the cases and were often associated with interictal epileptiform activity during FDG uptake; however, these hypermetabolic abnormalities were also observed mostly outside the ECoG-defined SOZ or "interictal spike zone." (4) Performance of hypometabolic abnormality to detect ECoG-defined SOZ was comparable in young patients as compared with the older subgroup, and did not differ in those with seizure-free versus not seizure-free outcome.
To the best of our knowledge, the present study is the first to quantitatively assess Euclidian distances between SPM-defined FDG-PET glucose metabolic abnormalities and ECoG-defined epilepsy biomarkers such as SOZ and "interictal spike zone." Although several previous studies utilized voxel-wise SPM analysis to objectively detect metabolic abnormalities in children with intractable epilepsy, none of those studies have reported how closely and accurately the SPM-defined cluster can detect ECoG-defined SOZ. Specifically, to define PET accuracy, the partial or total overlap of the hypometabolic region with the SOZ had been determined on either lobar basis or gyral level in previous studies [Archambaud et al., 2013; Kumar et al., 2010; Vant' Klooster et al., 2014] . This approximation of spatial correspondence inevitably resulted in variable performance of SPM analysis across the literature (e.g., sensitivity/specificity 5 0.86/0.77 [Kumar et al., 2010] , 0.79/0.97 [Archambaud et al., 2013], and 0.35/0.90 [Vant' Klooster et al., 2014] ).
Two previous studies from our group have used an asymmetry-based approach to compare the performance of FDG-PET against ECoG-defined SOZ in small pediatric groups with epilepsy surgery [Alkonyi et al., 2009; Juh asz et al., 2000] . A recent study, using stereo-EEG, also found a poor correlation between hypometabolic cortex and iHFOs in patients with extratemporal seizure foci [Lamarche et al., 2016] . Despite the different PET analytic approaches, both those previous and our current results demonstrated a mismatch between hypometabolic and epileptogenic cortex, which appears to be present regardless of age or epilepsy duration. Indeed, the majority of hypometabolic (and also hypermetabolic) regions do not appear to be involved in seizure generation. This is consistent with the notion that decreased cortical glucose metabolism may reflect neuronal loss leading to a decrease of synaptic activity in the epileptic brain without actual epileptogenicity [Lippa et al., 1993; Szelies et al., 1983] . In fact, seizures often originate from mildly hypometabolic areas adjacent to the cortical lesions such as tubers, rather than within severely hypometabolic lesions [Major et al., 2009] . Similarly, SOZ electrodes were detected greater than 1.5 cm beyond tumor margins in lowgrade brain tumors [Mittal et al., 2016] . Thus, the selection of an optimal SPM t-threshold, performed in the present study, is a critical step that can affect the overall accuracy of SPM-detected metabolic abnormalities for prediction of SOZ.
Our data also demonstrate that SOZ and "interictal spike zone" are often located outside but in proximity to hypometabolic cortex in the same lobe leading to significantly higher accuracy when lobar localization is applied. This is consistent not only with our previous PET/EEG studies [Alkonyi et al., 2009; Juh asz et al., 2000] but also with EEG-triggered fMRI data demonstrating BOLD signals at the border of hypometabolic regions rather than in the center of hypometabolism [Donaire et al., 2013] . Altogether, these observations support the notion that decreased neocortical metabolism may partly represent an inhibitory area with a higher threshold for seizure initiation (consistent with the classic concept of "surround r ECoG Correlates of FDG-PET Abnormalities r r 3109 r inhibition" [Price and Wilder, 1967] ). Thus, the clinical utility of FDG PET in guiding subdural electrode placement in neocortical epilepsy could be enhanced by extending grid coverage to 3 cm beyond hypometabolic cortex, when feasible. In fact, the current study could find that about 53% and 68% of children with intractable epilepsy show at least one SOZ and "interictal spike zone" within this 3 cm margin near SPM hypometabolic clusters measured at t 5 23.5 (Table II) . Importantly, FDG-PET may perform best in this regard if scalp EEG suggests a more focal (rather than widespread, multilobar) onset; in such cases, more restricted grid coverage on/around the hypometabolic area may be sufficient.
To obtain an accurate, objective, and detailed comparison of FDG-PET and ECoG abnormalities, the present study rendered both SPM-defined metabolic abnormalities and ECoG electrode locations to the same native 3D brain surface and directly measured the physical distance between the coordinate of SPM metabolic vertex and epileptic electrode vertex as a function of variable statistical thresholds. This approach allowed us to accurately assess the spatial relation between metabolic and electrophysiological mismatch at different degrees of statistical inference. Two previous pediatric studies with SPM analysis [Archambaud et al., 2013; Kumar et al., 2010 ] used a P-value less than 0.001 as a statistical cut-off threshold to find SOZ in lobar classification leading to sensitivity of 0.79-0.86 and specificity of 0.77-0.97. Another study including children and adults with non-lesional epilepsy used the same SPM threshold and found concordance between FDG-PET abnormalities and SOZ in only 44% of the cases [Lee et al., 2015] . However, none of these studies utilized pediatric templates and pediatric control data younger than 5 years of age for SPM analysis, and the reported values were limited to lobar correspondence without considering the actual distance from ECoGdefined SOZ. The reported values were limited to lobar correspondence without considering the actual distance from ECoG-defined SOZ. Using a similar statistical threshold, we found a comparable (albeit slightly lower) lobar accuracy in the present study (i.e., sensitivity of 74.6% and a specificity of 64.2% to detect the lobe of ECoG-defined SOZ by hypometabolism), even though our patient group had a wide age range including very young subjects. This sensitivity/specificity values were substantially higher than expected by chance: a random permutation test to match the lobar SOZ and hypometabolic lobes showed that 53.3% sensitivity and 46.6% specificity could be expected by chance, considering the extent of electrophysiologic and metabolic abnormalities in this group.
Unlike most previous studies analyzing the spatial relation between glucose metabolic abnormalities and intracranial EEG findings, our study analyzed not only hypo-but also hypermetabolic abnormalities. Interestingly, hypermetabolic clusters in the affected hemisphere were surprisingly common (present in 2/3 of our cases), and were often associated with interictal spiking on EEG recorded during PET (17/25). However, frequent spiking was only observed in 9 of 25 cases (36%), and the hypermetabolic clusters were relatively rarely located in close vicinity to the SOZ or even 'interictal spike zone' on ECoG. In addition, the lobar sensitivity of hypermetabolic clusters to detect SOZ was modest (34%) at the threshold of SPM tscore of 3.0. At this threshold we could find only 21% and 37% of our patients showing at least one hypermetabolic cluster within 3 cm margin from SOZ and "interictal spike zone," respectively. Thus, while hypermetabolic clusters may reflect increased metabolism due to ongoing interictal spiking during the FDG uptake period, they appear to provide only a modest contribution to localization of the ECoG-defined SOZ.
The present study found that accuracy of SPM surface analysis was not related to 1-year surgical outcome. This is consistent with our previous study in children with neocortical epilepsy showing that extent of resected hypometabolic cortex did not affect surgical outcome [Juh asz et al., 2001] . Both results are consistent with the notion that the bulk of hypometabolic cortex is non-epileptic, and, therefore, extent of cortical glucose metabolic abnormalities can only assist the design of the intracranial electrode placement on the lobar level without guiding the resection itself.
In conclusion, SPM surface analysis using an agematched pseudo-control group can be applied as an objective analytic method to identify cortical regions with hypo-and hypermetabolism on PET in children of a wide age-range. This approach may allow the FDG-PET localization of epileptic foci with a good accuracy on the lobar level, but has a low sensitivity to delineate the exact SOZ within the lobes. Considering that the extent of intracranial electrode coverage is inevitably limited, localization information from other modalities including scalp EEG, seizure semiology, MRI, SPECT, and/or MEG should be considered in patients with large hypometabolic cortex, to increase the chance of sufficient coverage of the epileptogenic zone to be resected. Usage of both subdural and depth electrodes may optimize the spatial sampling in subsets of patients with drug-resistant focal epilepsy. FDG-PET may provide a reasonable estimate of epileptic cortex in cases with relatively focal SOZ.
